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Abstract
Sol-gel combustion was employed for the synthesis of Ce0.9 GD0.1O1.95or10GDCnanopowder. Optimum fuel ratio and 
surface modification were closely examined. The fuel/metal molar ratios were ranged from 0.78, 0.83, 1.5 and 2.0.
The results showed that increasing the fuel/metal ratio to above 0.78, which was the stoichiometric molar ratio,
resulted in combustion of the gel at higher temperatures with a greater amount of residue ash content. Crystallite size
of the sample was almost 2-fold larger when the fuel ratio was increased from 0.78 to 2.0. The density of the sintered 
samples were found to decrease with an increase of the fuel/metal molar ratios.The 0.78 composition was thus used in
the latter part. Additions of ammonium dispex (Dispex A40), a surface modifier, at different ratios was found to
affect the degrees of particle agglomeration and was found to be optimum at 0.4wt%. The compacted powder with
this Dispex A40content could be fully densified at around 1350 C, mainly due to the extremely fine particles with a 
lesser degree of agglomeration.
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1. Introduction
Conventional Solid Oxide Fuel Cells (SOFCs), based on doped zirconia ceramic electrolyte, are
regarded as high temperature SOFCs due to their high operating temperatures in the range of 
800-1000 C. One way forward to reduce the operating temperature down to the intermediate temperature
(IT) range is the use of a new material with superior ionic conductivity to doped zirconia. Currently 
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doped ceria has been proposed as a potential electrolyte.Among various kinds of ceria based electrolytes, 
gadolinium-doped ceria (10GDC, Ce0.9Gd0.1O1.95) is considered to be one of the most promising 
electrolyte for IT- SOFCs [1-2].Co-sintering of the electrolyte together with the anode support is the 
method widely adopted for IT-SOFC cell fabrication. As a consequence, high quality electrolyte powder 
is required in order to achieve such goal. To obtain high quality starting 10GDC powder, many synthesis 
techniques, such as co-precipitation, hydrothermal or polymerized complex, have been proposed [3-5]. 
However, some undesirable features based on these synthesis techniques such as large agglomerations 
leading to lower sinter-ability of the compacted powders or non-uniform particle size distribution were 
still observed. Low sinter-ability of the synthesized powder resulted in high sintering temperatures 
leading to ceria loss due to the high mobility ofCe4+ at these temperatures[6-8]. High sintering 
temperature was also provided disadvantages in terms of material characteristics (coalescence and grain 
growths), power consumption, and requirement of multi-step fabrication of cell components. 
Combustion synthesis (CS) or self-propagating high-temperature synthesis (SHS), a newly 
proposed technique for ceramic powder synthesis, is now of interest by many research groups due to its 
many advantages over other methods such as an ease to scale up, simple synthesis apparatus required, 
short reaction time and better control of stoichiometry [9-11].  It was reported that the ceramic powder 
prepared by this method was in a nano-scale with the size depending on fuel type, fuel to oxidizer ratio, 
and additives [12-13]. Many fuel types such as urea, citric acid, glycine, hexamine, and mixture of fules 
have been explored [14-19]. Amongst these fuels, urea and glycine are the most popular and attractive 
fuels for synthesis of complex oxide compounds with precisely controlled stoichiometry. Although 
glycine nitrate was addressed as an environmental compatible fuel, later work published by Pine showed 
that CO and NOx emitted by incomplete combustion of this fuel could be harmful for an industrial scale 
[20]. 
Attempts to improve CS powder characteristic properties have been done by many research 
groups, but some undesirable features such as high sintering temperature of up to 1450-1500 °C still 
remained [21-22]. Another attempt was an incorporation of dispersing agents or polymeric dispersants 
such as C19H42BrN, polyvinyl alcohol (PVA) and polyvinyl pyrrolidone (PVP) to improve dispersion 
stability of particles and to reduce agglomeration problems during the synthesis of LiMn2O4,SrFe12O19 
andCe0.9Gd0.1O1.95 [23-25]. Including these reagents in the processing was, however, considered as an 
additional work required. 
In this research, we report our work on synthesis of gadolinium doped cerium (Ce0.9Gd0.1O1.95) or 
10GDC)using the CS with citric acid as a fuel. Our focuses are on effects of (i) fuel to oxidizer ratio and 
(ii) the use of ammonium polycarboxylate (ammonium dispex) on powder characteristics and ceramic 
properties after sintering. Ammonium dispex is widely used as a dispersant in ceramic industry involving 
with slurry processing, so it provides availability and environmental friendliness.  
2. Experiments 
2.1. Powder Synthesis 
Cerium and gadolinium nitrate hexahydrate (99.9% purity - Sigma-Aldrich chemicals) were used 
as precursors. The precursors were first separately dissolved in distilled water and the solutions were later 
mixed in a beaker. In another beaker, anhydrous citric acid (C6H8O7·H2O, 99%purity) was dissolved in 
water and then added to the mixed nitrate solution. The molar ratio of total citric acid (CA) to metal 
nitrate (MN) was varied from 0.78 (stoichiometric ratio), 0.83, 1.5 and 2.0. According to the principles of 
propellant chemistry, the reaction between citric acid and metal nitrate for 10GDC synthesis is presented 
in Eq. 1 
 
0.9Ce(NO3)3·6H2O + 0.1[2Gd(NO3)3·6H2O] + 0.783C6H8O7  GDC + 4.698CO2 + 9.132H2O + 1.5N2                    
(1) 
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To study effects of surface modifier, different amounts of ammonium polycarboxylate(Dispex 
A40, Ciba Specialty Chemicals, UK), 0.0, 0.2, 0.4 and 0.8%wt, were added to the mixed solution. The 
samples were denoted as 0D, 0.2D, 0.4D and 0.8D respectively. The precursor solutions were heated to 
80 °C and stirred continuously for several hours to evaporate the water, until a transparent gel-like 
precursor was obtained. The gel was ignited and burnt in a self-propagating combustion manner until all 
organic matters were completely burnt out to form an ash like powder. Thermal analysis of the dried gel 
was determined in air using TGA/SDTA 851eSTARethermobalance (Mettler Toledo, Switzerland), prior 
to calcined at 350 °C for 1 h. 
 
2.2. Characterisation and Sintering 
Phases and 
 Calculation of crystallite size was based on 
dth at half maximum (FWHM) value. The specific surface area (SBET) of 
the powders was measured using the standard Brunauer-Emmett-Teller technique with N2 adsorption 
(BET) (Tristar 3000: SHIMADZU). The average particle size (DBET) was calculated based on the 
equation 2: 
 
DBET  BET                           (2) 
 
3, the theoretical density of 10GDC  
 
Morphology and agglomeration states of the powder were analyzed using an SEM (JEOL, JSM-
5410LV, Japan). The compaction of powder was performed at 100 MPa into 15 mm diameter disks. The 
pressed disks were sintered at the temperature range of 1250  1350°C for 3 h with a heating rate of 5 
°C/min under air atmosphere.  
 
2.3. Electrical Properties 
The dc conductivity measurements were done using a two-probe technique. Activation energies 
(Ea) were calculated by fitting the conductivity data to the Arrhenius relation for thermally activated 
conduction, which is given as Eq. 3: 
0.e (- kT
Ea )   (3) 
whereEa is the activation energy for conduction, T the absolute temperature,k the Boltzmann constant and 
0 the pre-exponential factor. 
The samples were heated during the measurement in a furnace. A thermocouple was placed close 
to the sample for precise temperature measurements. The employed frequency range was 1 Hz to 1×107 
Hz. The magnitude of the AC signal imposed on the sample was limited to 2mV peak-to-peak. The 
 
 
 
3. Results and Discussion 
 
3.1. 10GDC Powder withoutDispex A40  
Thermograms of the dried gels with different CA/MN ratios are shown in Fig. 1. It was suggested 
that combustion of the gel mainly occurred as a 2-step reaction whose completion was obtained at around 
200-300 C. Since the gel powder was hygroscopic in nature due to its untrafine particle size, a reduction 
of weight at the early stage was thought to be desorption of surface water. There were two points to note 
from the thermal analysis. First, the degradation completed more slowly with a greater ash content when 
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the CA/MN ratio was increased. Second, the heat produced by an oxidation around 200-300 C was 
greater when the fuel ratio was increased suggesting a greater amount of organic residue. A trace of 
endothermic nitrate decomposition occurred 250 C [26] was not detected. It was reported that upon 
heating the as-prepared gel was undergone dehydration partly yielding a mixture of semicrystalline and 
amorphous Ce(OH)4.xH2O followed by densification of ceria nano-cluster [3]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 1. TGA/SDTA of the dried gels with CA/MN ratios of (a) 0.78 and (b) 1.5. 
 
Fig 2. is the XRD spectra for the 10GDC gels prepared with different CA/MN ratios and calcined at 
350 °Cfor 1 h. The number inserted indicated the crystallite size calculated using . As 
the CA/MN was increased, the crystallite size of the powder was also increased. In the combustion 
synthesis, the heat was generated within few seconds after reaction, so adiabatic condition was assumed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig  2. XRD spectra for the 10GDC gel calcined at 350 °Cfor 1 h with CA/MN of (a) 2.0, (b) 1.5, (c) 0.83 and (d) 0.78 
 
Thermodynamic data obtained from the reactions with different CA/MN ratios indicated that with 
the higher fuel contents, the flame temperatures were also increased [12]. This is believed to be the reason 
for the growth of crystal nuclei and thus crystallite size in our study. SEM micrographs in Fig 3 showed 
the calcined powder with CA/MN ratios of 0.78 to 2. The result indicated a greater degree of 
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agglomeration and crystallite size when the CA/MN ratio was increased in accordance with the XRD 
results in Fig. 2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3.SEM micrographs for the calcined 10GDC powders prepared with CA/NM molar ratio of (a) 0.78, (b) 0.83, (c) 1.5 and (d) 2. 
 
SEM micrographs for the samples sintered at 1300 °Cfor 3 h are shown in Fig 4. It was noted that 
the samples with CA/MN ratios of 1.5 and 2.0 were largely porous with larger pore size suggesting that 
the degree of agglomeration along with the crystallite size had a significant effect on sintering of these 
 
 
3.2. 10GDC PowderwithDispex A40  
In this part, the CA/MN ratio of 0.78 was selected to use as a based composition while the 
contents of Dispex A40 were varied from 0.0, 0.2, 0.4 and 0.8wt% and the samples were coded as 0D, 
0.2D, 0.4D and 0.8D respectively. The crystallite size calculated based on  and SBET 
are compared in Table 1. The results suggested that the SBET analysis was in good agreement with the 
XRD spectra (not shown); the crystallite size of the synthesized powders became larger as the content of 
Dispex A40 was increased. 
SEM micrographs in Fig 6 showed the dispersion of the 10GDC particles with various contents 
of Dispex A40. Degree of agglomeration of these particles became lessen when the content of Dispex 
A40 was increased to 0.4%. It was reported that addition of PVA resulted in PVA-cation complexes and 
thus homogeneous distribution of metal cations at an atomic scale in the sol network [27]. Further 
increasing the content of Dispex A40 to 0.8% resulted in a larger degree of agglomeration, possibly due 
to the additional binding ability of this polymer beyond the optimum amount.  
To compare the results, only the 0D and 0.4D-powder samples were compacted and sintered at 
1250-1350 °Cfor 3 hand their micrographs are shown in Fig 7.  Slightly higher degree of densification 
could be observed in the 0.4D-compacted samples sintered at the same condition as the 0D-samples, 
presumably due to the lower degree of agglomeration of the starting powder.  The grain size of both 0D 
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and 0.4D-samples are in a sub-micrometer range, suggesting that grain growth did not yet occur. The 
average grain size of the samples based on the line-intercept method is comparatively shown in Table 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. SEM micrographs for the samples with CA/NM molar ratio of (a) 0.78, (b) 0.83, (c) 1.5 and (d) 2 after sintering at 1300 °C 
for 3 hr 
 
 
 
 
Fig. 5. Effects of CA/MN ratio on the relative density of the compacted 10GDC samples. 
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Table 1.  Crystallite size based on BET) and average particle size (DBET) of the 10GDC 
powders after calcination at 350 °C for 1 h. 
 
Dispex A40 content (%wt) Crystallite size 
(nm) (XRD) 
Surface area 
(SBET)(m2/g) 
Average particle size 
(nm)(DBET) 
0.0 8.79 63.42 13.10 
0.2 11.07 53.36 15.57 
0.4 12.85 46.45 17.88 
0.8 21.52 32.77 25.35 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. SEM micrographsfor thecalcined 10GDC powder: (a) 0.2D, (b) 0.4D and (c) 0.8D 
 
 
3.3. Ionic Conductivity 
The Arrhenius plots for the grain interior and grain boundary conductivity at various 
temperatures are graphically shown in Fig. 8. The slopes of these plots were slightly different, with a 
minor greater values in the 0D samples, indicating that the activation energy for conduction via grain 
interior and grain boundary of both 0D- and 0.4D-samples was in closed values. Improvement of grain 
interior conductivity in the 0.4D-samples suggested a greater degree of densification of these samples. 
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Fig. 7. SEM micrographs for the 0D-samples sintered at (a) 1250 C, (b) 1300 C and (c) 1350 C and for the 0.4D-samples sintered 
at (d) 1250 C, (e) 1300 C and (f) 1350 C 
 
 
Table 2.The average grain size in comparison 
 
Sintering Temperature 
(°C) 
Average grain size (m) 
0D 0.4D 
1250 0.50 0.36 
1300 0.55 0.46 
1350 0.63 0.62 
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Fig. 8. Arrhenius plots for the grain interior (gi) and grain boundary (gb) conductivities of the 0D and 0.4D samples sintered at 1250 
C and 1300 C.  
 
4. Conclusion 
 The simple sol-gel combustion was successfully employed to synthesize Ce0.9Gd0.1O1.95 nano-
powder. Fuel to metal ratio was found to significantly affect the adiabatic flame temperatures and thus the 
final crystallite size. The compacted powder derived with the fuel to metal ratio of 0.78 showed the 
greatest sinterablity. Modification of particle surface with 0.4% ammonium dispex was found to further 
improve the dispersion of the powder, packing and sintering as well as the grain interior conductivity in 
the final product. 
 
Acknowledgement 
Financial support from Mae FahLuang University is highly appreciated. 
 
References 
 
[1] Zheng, K, Steele B.C.H, Sahibzada M, Metcalfe 2-x Solid State Ionics 
1996;  86-88:1241- 44. 
1-yGdyO2-y/2 electrolytes for IT- Solid State Ionics 2000; 129: 95-110. 
Synthesis and conductivity of cerium oxide nanoparticles Mater Lett  2010; 64(11): 1254-
56. 
[4] Controlled synthesis and assembly of ceria-basednanomaterials J.  Colloid 
Interf. Sci 2009; 335: 151-67. 
[5] Dikmen, S, Shuk P, Greenblatt M. and Gocemez H  Hydrothermal synthesis and properties of Ce1 xGdxO  
Solid State Sci 2002 ; 4: 585 90. 
[6]  Chunyan T. and Siuwai C, Ionic conductivities, sintering temperatures and microstructures of bulk ceramic CeO2 doped with 
Y2O3 Solid State Ionics 2000; 134: 89 102. 
[7] Yoshida H, Miura K, Fukui T, Ohara S. and Inagaki T. Sintering behavior of Ln- J. 
Power Sources 2002; 106: 136 41. 
[8] Mukasyan A S, Epstein P and Dinka P Solution combustion synthesis ofnanomaterials P. Combust. Inst  2007; 31(2): 1789-
1795. 
[9] Combustion synthesis andnanomaterials Curr. Opin.Solid State. Mat  2008;  1(3 4): 
44-50. 
[10] Yang  J , Lian J,  Dong Q, Guan Q,  Chen J, Guo Z, Synthesis of YSZ nanocrystalline particles via the nitrate citrate 
combustion route using diester phosphate (PE) as dispersant Mater. Letts  2003; 57:2792-97. 
[11] Combustion synthesis of gadolinia doped ceria powder J. Alloy Compd 2005; 
391(1 2): 129-35. 
ln
.T
 (S
.K
/c
m
) 
1000/T (K-1) 
 Darunee Wattanasiriwech and Suthee Wattanasiriwech /  Energy Procedia  34 ( 2013 )  524 – 533 533
[12] Effect of fuel-to-nitrate ratio on the powder characteristics of nanosized CeO2 
synthesized by mixed fuel combustion method J. Alloy Compd  2011; 509(41): 9912-18. 
[13] Mangalaraja R.V, Ananthakumar S, Pauraj M, Uma K., Lopez M, Camurri C.P, Avila R.E, Electrical and thermal properties 
of 10 mole% Gd3+ doped ceria electrolytes synthesized though citrate combustion Process. Applc. Ceram 2009; 3(3): 
127-43. 
[14] , J. Power 
Source  2008; 179: 329 34. 
4: Eu3+ 
Mater. Lett  2008; 62: 1681 84. 
[16] Chen Y.Z,  Zhou W,  Shao Z.P,  Xu N.P. Nickel catalyst prepared via glycine nitrate process for partial oxidation of methane 
Catal. Commun 2008;  9: 1418  25. 
[17] 
IEEE Trans Nucle. Sci  2008;  55: 1532 35. 
[18] Aruna S.T. and Rajam 2O3 ZrO2
Mater. Res. Bull 2004;  39: 157  67. 
[19]  calcium phosphates by single and mixed 
fuels Ceram. Int  2008;  34:1373 79. 
[20] Pine T, Lu X, Mumm D. R, Samuelsen, G. S, Brouwe, J. Emission of Pollutants from Glycine Nitrate Combustion Synthesis 
J. Am. Ceram. Soc 2007;  90(12): 3735 40. 
0.9Gd0.1O1.95nanopowder synthesized by sol gel method using 
J. Alloys and Compd  2009;  484: 729 73.  
[22] Subramania A, Angayarkanni N. and Vasudevan T. Effect of PVA with various combustion fuels in sol gel thermolysis 
process for the synthesis of LiMn2O4 nanoparticles for Li- Mater. Chem. Phys 2007; 102:19 23. 
[23] Alamolhod , SeyyedEbrahimi S.A. and Badiei A. A study on the formation of strontium hexaferritenanopowder by a sol-gel 
auto- J.Magn. Magn.Mater  2006; 303: 69-72.    
[24] Youku 0.9GD0.1O1.95Nanopowder synthesized by sol-gel 
J. Alloys. Compd  2009;  484: 729-33. 
[25] Hwang C, Huang T, Tsai Combustion synthesis of nanocrystalline ceria (CeO2) powders by a dry 
route ,Mater.Sci. and Eng. B 2006; 132: 229-238. 
[26] Wattanasiriwech D. and Wattanasiriwech S. Preparation and phase development of yttria- J. 
Mater. Sci 2008; 43: 6473-79. 
[27] Chung D. Y, and Lee E. H. Microwave-induced combustion synthesis of Ce SmxO  powder and its characterization , J. 
Alloys and Comd 2004; 374: 69-73. 
 
 
 
